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The primary measure was the final scalar position of the SME 
(completely in scala tympani or not). Secondly, medial-lat-
eral position and insertion depth were evaluated.  Results:  
Forty-four subjects received a CI532. The SME was located 
completely in scala tympani for all subjects. Pure round win-
dow (44% of the cases), extended round window (22%), and 
inferior and/or anterior cochleostomy (34%) approaches 
were successful across surgeons and cases. The SME was 
generally positioned close to the modiolus. Overinsertion of 
the array past the first marker tended to push the basal con-
tacts towards the lateral wall and served only to increase the 
insertion depth of the first electrode contact without in-
creasing the insertion depth of the most apical electrode. 
Complications were limited to tip fold-overs encountered in 
2 subjects; both were attributed to surgical error, with both 
reimplanted successfully.  Conclusions:  The new Nucleus 
CI532 cochlear implant with SME achieved the design goal 
of producing little or no trauma as indicated by consistent 
scala tympani placement. Surgeons should be carefully 
trained to use the new deployment method such that tip 
fold-overs and over insertion may be avoided. 

 © 2017 S. Karger AG, Basel 
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 Abstract 

  Aims:  The Nucleus CI532 cochlear implant incorporates a 
new precurved electrode array, i.e., the Slim Modiolar elec-
trode (SME), which is designed to bring electrode contacts 
close to the medial wall of the cochlea while avoiding trau-
ma due to scalar dislocation or contact with the lateral wall 
during insertion. The primary aim of this prospective study 
was to determine the final position of the electrode array in 
clinical cases as evaluated using flat-panel volume comput-
ed tomography.  Methods:  Forty-five adult candidates for 
unilateral cochlear implantation were recruited from 8 cen-
ters. Eleven surgeons attended a temporal bone workshop 
and received further training with a transparent plastic co-
chlear model just prior to the first surgery. Feedback on the 
surgical approach and use of the SME was collected via a 
questionnaire for each case. Computed tomography of the 
temporal bone was performed postoperatively using flat-
panel digital volume tomography or cone beam systems. 
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 Introduction 

 Cochlear implants (CI) have become the most success-
ful of all implantable sensory prostheses and the standard 
of care for the majority of individuals with severe to pro-
found hearing loss. Children with profound congenital 
hearing loss have been able to develop excellent speech 
and language and the majority attend mainstream schools 
[Venail et al., 2010]. The majority of established CI users 
are now able to use the telephone [Tan et al., 2012]. Re-
finements to hardware and surgical technique have con-
tinued over the years in many ways, both contributing to 
improved outcomes. 

  The active electrode array is a key component of any 
CI system as it provides the interface between the pros-
thesis and the auditory system of the recipient. Modern 
multichannel CI use an array of electrodes inserted into 
the scala tympani (ST) of the cochlea in order to provide 
spectral information through selective stimulation of 
electrodes positioned close to the target spiral ganglion 
cells (SGC), exploiting the natural tonotopic organiza-
tion of the cochlea, with low-frequency information be-
ing delivered to the most apical electrodes and higher 
frequencies more basally. However, although the im-
planted electrode arrays may have more than 20 elec-
trode contacts, it is well known that the stimulation 
fields of individual electrode contacts are quite broad, so 
that neural populations stimulated by adjacent mono-
polar electrodes overlap considerably [Hughes and Ab-
bas, 2006]. This “spread of excitation” (or “channel in-
teraction”) reduces the spectral resolution and limits the 
potential advantage of having a large number of elec-
trodes.

  Many multichannel CI, such as the Nucleus CI522, use 
electrodes that are straight prior to insertion. Such arrays 
tend to take up position mostly along the outer (lateral) 
wall of the ST ( Fig.  1 a), and the electrode contacts are 
therefore some distance from the modiolus and the spiral 
ganglion. Several precurved arrays, such as the Nucleus 
Contour Advance, which in an ideally adopt a position 
close to the modiolar wall, have been introduced ( Fig. 1 b). 
The principal rationale of developing such “perimodio-
lar” electrode arrays is that the contacts are situated clos-
er to the target SGC so that the required stimulation levels 
are lower than with straight arrays. More importantly, 
however, the spread of excitation is anticipated to be less 
with perimodiolar arrays than with straight arrays, due to 
closer proximity to the SGC. This may provide superior 
place-pitch spectral discrimination and therefore optimal 
speech recognition performance.

  Several studies have demonstrated lower stimulation 
thresholds for permodiolar arrays than for straight ar-
rays, either when measured psychophysically or when as-
sessed by objective measures [Cohen et al., 2001; Gordin 
et al., 2009; Runge-Samuelson et al., 2009; Jeong et al., 
2015; Müller et al., 2015; Telmesani and Said, 2015]. Oth-
er studies have reported a reduced spread of excitation 
using forward masking ECAP paradigms [Hughes and 
Abbas, 2006; Basta et al., 2010; Hughes and Stille, 2010] 
with improved spectral discrimination. Taken together, 
these studies demonstrate that perimodiolar electrode ar-
rays achieve their primary design goals.

  The closeness of the array to the modiolus, or medial-
lateral position, has been characterized using a number of 
methods. Holden et al. [2013] described a wrapping fac-
tor (WF) as the ratio of the active length of the electrode 
array (from the most basal to the most apical electrode 
contact) and the length along the lateral wall of the ST 
over the corresponding angle as measured from comput-
ed tomography imaging ( Fig. 1 d). A straight (lateral wall) 
array will have a WF close to 1, whereas a perimodiolar 
array will take a shorter path and the WF can be as low as 
0.5. As an example, the WF is 0.89 for the CI522 in  Fig-
ure 1 a and 0.60 for the CI532 in  Figure 1 c. In a group of 
59 subjects with confirmed ST electrode array place-
ments, Holden et al. [2013] found a statistically signifi-
cant correlation between WF and monosyllable recogni-
tion score (asymptote of performance over 2 years post-
activation); higher scores were associated with lower WF. 

  The medial-lateral position can also be characterized 
by the angle travelled per millimeter of active length of the 
array (AT). In the examples given in  Figure 1 a–c, the AT 
for the CI522 is 18°/mm, compared to 30°/mm for the 
CI532. Direct measures of electrode-to-modiolus dis-
tance, even from the best-quality CT imaging available, 
are problematic due to residual electrode artefacts blur-
ring the boundary of the medial wall. Some studies, such 
as that of Esquia Medina et al. [2013], have used the dis-
tance between the electrode contact and the center of the 
modiolus (EMD) as a surrogate measure. Esquia Medina 
et al. [2013] found a statistically significant correlation 
between monosyllabic word scores and EMD; higher 
scores were associated with contacts being closer to the 
modiolus; however, Van der Beek el al. [2016] found only 
a trend using EMD defined by the distance from the elec-
trode contact to the nearest point on the medial wall as 
identified in images. The range of AT would have been 
approximately 10–24°/mm in their study, with higher AT 
values indicating smaller EMD. AT and EMD may better 
characterize the medial-lateral placement of an electrode 
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array since they do not include cochlear size in their der-
ivation.

  Holden et al. [2013] also reported cases in which the 
electrode array had been inserted directly into the scala 
vestibuli (SV) or translocated from the ST into the SV. 
Such translocation has been reported in several other 
studies and may be more common with perimodiolar ar-
rays than with straight arrays [Wanna et al., 2014]. Trans-
location is also associated with poorer outcomes com-
pared to when the array remains within the ST [Aschen-
dorff et al., 2007; Finley et al., 2008]. Successful ST 
insertion appears to depend on the surgical technique to 
a significant degree [Aschendorff et al., 2007], but it seems 
reasonable to assume that device design is another impor-
tant factor. 

  The aim of the present study was to evaluate the inser-
tion characteristics and associated outcomes of a new 
perimodiolar electrode array. The Nucleus CI532 uses the 
same receiver-stimulator as the other current CI500 se-
ries devices (CI512 and CI522) coupled to the new Slim 
Modiolar electrode (SME) array. The new array was based 
on previous multicenter studies of a prototype design in-

vestigating feasibility [Briggs et al., 2011]. Unlike the Nu-
cleus Contour Advance electrode, the precurved shape of 
the SME is kept straight by a thin external sheath prior to 
insertion rather than using an internal stylet. The SME 
uses the half banded electrodes as for the Contour Ad-
vance, but it has a diameter of 0.5 mm at the position of 
the most basal electrode, reducing to 0.4 mm at the apex 
(the corresponding dimensions of the Contour Advance 
are 0.8 and 0.5 mm). This gives the SME a cross sectional 
area about 40% that of the Contour Advance.

   Figure 2  shows the SME and the external sheath at var-
ious stages of insertion. The electrode array is first drawn 
back ( Fig. 2 a) into the sheath (orange) and then the array 
and the sheath are inserted (via cochleostomy or round 
window [RW]) to about 5 mm. The array is then further 
advanced through the sheath until it is fully inserted 
( Fig. 2 b) and then the sheath is retracted and discarded 
( Fig. 2 c). In  Figure 2 c, 3 “markers” are visible proximal to 
the stimulating contacts. These are used to indicate the 
insertion depth.

  High-quality in vivo   imaging of the temporal bone 
with an electrode array in place is challenging due to me-

CI522

CI512

CI532
E1

E22

a

b

c d

  Fig. 1.  Cone beam images of electrode ar-
rays in situ, in vivo. Images are shown for 3 
types of nucleus electrode arrays in the ide-
al position: Slim Straight (CI522) ( a ), Con-
tour Advance (CI512) ( b ), and Slim Mo-
diolar (CI532) ( c ).  d  Schema for analysis of 
the medial-lateral position of the array: the 
insertion depth (angle) of electrode con-
tacts E1 and E22, distance A (the horizontal 
dotted line), and the corresponding spiral 
arc length along the lateral wall (curved 
dashed line).  a–c  Images are courtesy of 
Tobias Struffert, University of Erlangen, 
Germany. 

D
ow

nl
oa

de
d 

by
: 

C
oc

hl
ea

r 
Li

m
ite

d 
   

   
   

   
   

   
   

   
   

   
   

   
  

4.
4.

79
.9

4 
- 

6/
3/

20
21

 1
1:

21
:2

6 
P

M



 Aschendorff    et al.
 

Audiol Neurotol 2017;22:169–179
DOI: 10.1159/000480345

172

tallic (blooming) artefacts [Yang et al., 2000], and confir-
mation of the scalar position is particularly difficult due 
to the need to resolve soft tissue details. The scalar posi-
tion of straight and perimodiolar electrode arrays was 
identified using multiplanar reconstruction of high-reso-
lution 64-slice multidetector CT [Lane et al., 2007], but 
the results were equivocal in many cases. Alternatively, 
several studies have coregistered pre- and postoperative 
high-resolution images, thereby showing electrode con-
tact positions together with fine structural details [Skin-
ner, 2007; Schuman et al., 2010; Holden et al., 2013]. Un-
fortunately, however, both of these methods are time con-
suming and require relatively high radiation doses. 

  In the present study, we used flat-panel volume (FPV) 
CT scanning to identify the scalar position of the SME 
postoperatively. This technique is essentially equivalent 
to so-called “cone beam CT” (CBCT), “digital volume to-
mography,” and “rotational tomography,” all of which 
use similar reconstruction algorithms. These techniques 
are superior to conventional helical high-resolution com-
puted tomography as the metallic artefacts produced by 
the electrode contacts are largely eliminated and ST and 
SV are visible up to at least one and half turns of the co-
chlea [Marx et al., 2014]. Successful identification of the 
CI electrode scalar position has also been reported in tem-
poral bone studies [Husstedt et al., 2002; Ruivo et al., 
2009; Cushing et al., 2012; Saeed et al., 2014] and in vivo 

postoperative studies [Aschendorff et al., 2007]. Another 
important advantage of FPV CT for in vivo applications is 
that it offers reduced exposure to ionizing radiation com-
pared to conventional helical high-resolution computed 
tomography [Faccioli et al., 2009; Ruivo et al., 2009].

  Several studies have reported rates of electrode array 
translocation (from ST to SV) with the Contour Advance, 
as measured using high-resolution FPV CT [Aschendorff 
et al., 2007; Coordes et al., 2013; Wanna et al., 2014]. The 
lowest reported incidence of translocation was 19%. The 
aim of our study was to estimate the translocation rate of 
the SME. Additional measurements were also made from 
the imaging, such as insertion depth angles for the first 
and last electrode contacts and the medial-lateral posi-
tion, as well as cochlear size (distance A [Escudé et al., 
2006]).

  Methodology 

 Study Design 
 This was a prospective, single arm, multicenter observational 

study of 45 adults implanted with a Nucleus CI532 device. There 
were 8 study centers in total from Germany (Freiburg, Kiel, Erlan-
gen, Hannover, and Frankfurt), France (Toulouse), Spain (Las Pal-
mas), and Australia (Melbourne, VIC). The centers were selected 
on the basis of extensive CI experience, access to a sufficient num-
ber of potential CI532 recipients, and the presence of appropriate 
imaging facilities. In our study we hypothesized a translocation 
rate of less than 20% with the SME. A power calculation was there-
fore performed on this basis, which suggested a minimum subject 
number of 45, allowing for a 10% attrition rate.

  The principal aims of the study were to characterize the final 
position of the SME and record surgical experiences with the de-
vice. This study also recorded longer-term outcomes with the 
CI532, including speech recognition, subjective benefits, and hear-
ing preservation. However, these measures are outside of the scope 
of this paper and will be submitted in a follow-up report.

  Study Participants 
 Participants were 18 years of age or older at the time of implan-

tation, conventional candidates for unilateral CI according to local 
criteria, and native speakers in the local language. In addition to 
the normal contraindications for cochlear implantation (e.g., psy-
chosocial considerations, existing medical conditions, and ana-
tomical irregularities), the following exclusion criteria were ap-
plied: evidence of hearing loss prior to 5 years of age; prior cochle-
ar implantation in either ear; ossification or any other cochlear 
anatomical abnormality, such as common cavity, that might pre-
vent complete and normal insertion of the electrode array; hearing 
impairment due to a lesion or neuropathy of the VIII nerve or 
central auditory pathways; unrealistic expectations regarding the 
possible benefits, risks, and limitations inherent to the surgical 
procedure(s) and prosthetic device; and unwillingness or inability 
to comply with all investigational requirements such as undergo-
ing a postoperative CBCT scan.

a

b

c

d

  Fig. 2.  Slim Modiolar electrode with the array loaded in the sheath 
( a ) and then advanced through the sheath ( b ) and with the sheath 
removed as in the final situation ( c ). A cochleostomy sizing tool 
( d ) is provided with the implant. 
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  Approval for this study was obtained from the local ethics com-
mittees and competent authorities for all 8 centers. Patients gave 
their informed consent to participate in this study.

  Surgeon Device Familiarization 
 Prior to this study, the investigational surgeons attended a 

training workshop during which they were introduced to the de-
vice and recommended surgical technique, including an overview 
of anticipated use errors and potential complications related to 
electrode array insertion. Each investigator also performed prac-
tice insertions into real temporal bones and a plastic model, using 
both RW and cochleostomy approaches. These insertions were 
video recorded so that the surgeons could compare their technique 
with that described in the Physician’s Guide for the CI532. Further 
training was provided immediately prior to the first surgeries such 
that the surgeon was required to successfully insert the electrode 
array 5 times into a plastic model.

  Surgical Questionnaire 
 Outside of the recommendations covered the CI532 Physi-

cian’s Guide, surgeons were free to conduct other aspects of the 
surgery according to their preferences and local practice. This in-
cluded details such as facial recess size, the position of the cochle-
ar opening, and use of lubrication, antibiotics, and steroids. This 
information was recorded in a detailed surgical questionnaire for 
each case shortly after each surgery. Many details were intended to 
provide reference information in case of unexpected intra- or post-
operative complications, but certain key questions relating to in-
sertion of the electrode array were intended for evaluation in this 
study. There were additional questions about the ease of handling 
of the sheath, electrode array insertion, and electrode array inser-
tion depth relative to markers. 

  Intra- and Postoperative Imaging and Analysis 
 Plain X-ray or fluoroscopy was performed after each electrode 

insertion in order to confirm satisfactory positioning and, in par-
ticular, to indicate any presence of electrode tip fold-over which 
would suggest the need for reinsertion or use of a back-up device.

  CBCT scans were taken within 1 month of surgery. A variety of 
different cone beam scanners was available at the different study 
centers, but the following imaging parameters were recommend-
ed: 80–125 kV and 7–50 mA, with a 360° rotation of 18–40 s 
(pulsed). Projection images were obtained from a cylindrical vol-
ume of 7–8 cm (height) by 7–8 (single temporal bone) or 12–
15 cm (diameter) (both temporal bones), with a calculated effective 
dose of <150 μSv. Image data were used to generate a 3-D volumet-
ric (DICOM) dataset with an isometric voxel size <300 μm. 

  Reconstructed images were examined at each study center for 
scalar position of the individual electrode contacts and measure-
ment of the overall insertion angle [Xu et al., 2000; Verbist et al., 
2010] for most apical and most basal contacts. The measurements 
made at each study center were subsequently verified (blindly) by 
the coordinating investigator (A.A.) and consultant radiologist 
(B.E.). Thus the scala position was verified by 2 independent ob-
servers.

  CBCT images were further examined in order to document the 
closeness of modiolar approximation by the electrode array in situ. 
This measurement was based on the method described by Holden 
et al. [2013], in which the mediolateral position is quantified by a 
WF, i.e., the ratio of the length of the active electrode array and the 

lateral wall length over the same angular distance. Medial-lateral 
position in the present study was characterized by a similar but 
simplified method which we denoted MP: two dimensional recon-
structions were prepared of each implanted cochlea on a near-cor-
onal plane as described by Escudé et al. [2006]. This projection 
captured the entire basal turn so that the largest diameter, i.e., dis-
tance A, could be measured ( Fig.  1 d, horizontal dotted line). A 
spiral template derived from Escudé et al. [2006] (equation 1) was 
used to locate the center of the cochlear spiral such that the angles 
of the most basal electrode contact E1 and the most apical electrode 
contact E22 could be determined. Using equation 3 from Escudé 
et al. [2006], the length of the lateral wall from 0° to E1 and then 
from 0° to E22 could be calculated. In derivation of the MP here, 
the active length of the curved array was 13.4 mm from engineer-
ing specifications (Cochlear Ltd., Macquarie University, Austra-
lia). Thus, MP was defined as 13.4 mm divided by the difference in 
corresponding lateral wall length from E22 to E1 in millimeters 
( Fig. 1 d, curved dashed line). Similarly, AT was the difference in 
angle E1 to E22 divided by 13.4 mm.

  The electrode positioning of 10 Melbourne subjects were also 
measured using the WF method described by Holden et al. [2013] 
in order to assess agreement with the simplified MP measure de-
scribed above. We note that the method of Holden et al. [2013] 
requires preoperative CT scans in addition to postoperative CT 
scans and specific software and technical skills.

  In addition to the quantitative assessment of modiolar proxim-
ity, a subjective assessment of the coronal images was made by 
categorizing the quality of perimodiolar placement as follows: 
good = perimodiolar position with little or no dark space on the 
medial side of the array; moderate = a definite area of dark space 
on the medial side of the array, but with all electrode contacts clos-
er to the medial wall; poor = an array with any electrodes closer to 
the lateral wall than the medial wall (this typically occurred be-
tween 45° and 180°). Examples of each category are shown in  Fig-
ure 3 .

  Results 

 Investigational Subjects 
 Forty-five patients (22 males and 23 females) were re-

cruited for this study and implanted with the CI532. The 
mean age at implantation was 60.7 years (SD 14.6, range 
24–89). The etiology was unknown in 33 cases, and it was 
Meniere’s disease, familial hearing loss, otosclerosis, 
chronic otitis media, or noise-induced hearing loss for the 
remaining subjects. Hearing loss was progressive in 38 
cases, sudden in 5 cases, and congenital in 2 cases.

  Surgical Questionnaire 
 Questionnaires were returned for all initial surgeries, 

though not all questions were answered in every case. 
Twenty-three left ears and 22 right ears were implanted. 
The facial recess was extended in 9 (20%) cases, and the 
posterior canal wall was thinned in 25 (56%) cases. The 
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mean estimated dimensions of the facial recess opening 
were 2.9 mm (SD 1.1) by 5.7 mm (SD 1.6).

  Insertion was via a RW incision in 44% of the cases, 
with a further 22% via an extended RW and 16, 13, and 
4% via inferior, anterior-inferior, and anterior cochleos-
tomy, respectively. The proportions of cochlea openings 
of <0.8, 0.8–1.0, and >1.0 mm were 9, 84, and 7%, respec-

tively, and the sizing tool ( Fig. 2 d) was used to gauge the 
appropriate cochleostomy opening size in 84% of the cas-
es. Healon TM  lubricant was used in 16 (36%) insertions.

  Responses to a number of key questions related to the 
ease of sheath handling and electrode insertion are shown 
in  Table 1 . These responses suggested a majority of satis-
factory experiences with loading of the electrode into the 

Marker at openingd

a b c

1st 2nd 3rd
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, n
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 Good
 Moderate
 Poor

  Fig. 3.  Coronal section cone beam CT images showing left to right examples of good ( a ), moderate ( b ), and poor 
( c ) electrode medial-lateral positions.  d  Relationship between marker position and subjective medial-lateral po-
sition. 

 Table 1.  Responses to surgical questionnaire items relating to sheath handling and electrode insertion

AS A N D DS

Loading of the electrode into the sheath was uncomplicated 31 12 0 1 1
Insertion of the sheath into the cochlea was uncomplicated 18 16 6 3 2
Advancing the electrode through the sheath was uncomplicated 26 17 1 1 0
The stopper was stable during insertion 30 12 2 1 0
The stopper prevented overinsertion of the sheath 22 17 4 2 0
Removal of the sheath was uncomplicated 24 14 3 4 0

 Total: n = 45 in each case. AS, agree strongly; A, agree; N, neutral; D, disagree; DS, disagree strongly.
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sheath, insertion of the sheath into the cochlea, and re-
moval of the sheath after advancement of the electrode. 
Insertion and removal of the sheath did not appear to be 
systematically more difficult in round window insertions. 
The sheath and electrode array was inserted and then re-
moved and reinserted in 3 cases due to resistance to inser-
tion of the sheath. In 2 of these cases the RW overhang 
appeared to be the source of resistance and was removed 
before reinsertion. This indicates that some care and ex-
perience are necessary with the new array such that there 
is adequate opening of the cochlea. Once inserted, the 
electrode array was further manipulated after removal of 
the sheath in 9 cases, with the electrode being pushed in 
further in 6 cases (see Interoperative Imaging). These ma-
nipulations were not specifically related to improvement 
of the implanted electrode position – they were more 
about handling the lead wire position.

  Intraoperative Imaging 
 Intraoperative plain X-ray imaging indicated a satis-

factory initial electrode position in 40 out of 45 cases. In 
1 case, the array was initially inserted to the first marker 
but then inserted more deeply following the viewing of 
the X-ray. In another case, since X-ray was not available 
the surgeon chose to withdraw the electrode array, reload, 
and reinsert due to considerable resistance during the 
first removal of the sheath. A satisfactory position was 
confirmed by digital volume tomography the following 
day. In 1 further case the array came out of the cochlea 
during fixation of the lead wires. The array was reloaded 
and reinserted.

  In 2 cases an electrode tip fold-over was apparent from 
intraoperative X-ray. In one of these, the array was with-
drawn, reloaded, and reinserted, resulting in an appar-
ently satisfactory insertion. However, high-resolution 
CBCT imaging the following day again showed a tip fold-
over, and the patient was reimplanted successfully with a 
CI512 device (Contour Advance electrode). Accordingly, 
this subject was excluded from further study analysis. In 
the other case, CBCT imaging confirmed the tip fold-over 

and the subject was subsequently reimplanted success-
fully with a second CI532. It is understood that intraop-
erative imaging is not a standard procedure in all centers; 
however, considering the uniqueness of this device and 
insertion technique its use is advisable during the initial 
surgeries as an aid to understanding and refining a newly 
learned technique.

  The likely cause of tip fold-overs was determined from 
a review of video recordings and in discussion with the 
surgeons. One tip fold-over was caused by incorrect ori-
entation of the electrode array with respect to the plane 
of the basal turn during insertion and the other by over-
insertion of the electrode sheath due to the stopper going 
into a particularly large round window opening.

  Postoperative CBCT Imaging 
 Digital primary reconstruction data files were ob-

tained for all 44 patients who finally received a Nucleus 
CI532 CI. The data were subject to at least 2 independent 
reviews – by the implanting center, by the coordinating 
investigator, or by the consultant radiologist. The opin-
ion was unanimous in 42 out of 44 cases. In the 2 remain-
ing cases the consultant radiologist indicated that the sca-
lar position of the electrode array could not be definitive-
ly determined due to poor image quality. However, in 
these 2 cases the scalar locations determined by the center 
and the coordinating investigator were in agreement.

  From these examinations, the electrode array was de-
termined as being located completely in ST in all 44 cases, 
with no cases of primary SV insertions or translocation 
out of ST.

  Analysis of Array Position 
 Summary statistics of the measures for calculation of 

MP in all 44 data sets are provided in  Table 2 . The mean 
insertion angle from the center of the RW to the most api-
cal electrode was 402.7° (SD 31.8°, range 295–455°). MP 
values ranged from 0.54 to 0.77, with a mean of 0.62. The 
AT was generally >20°/mm, with a median of 29°/mm 
( Table 2 ); however there was an outlier case with an inser-

Mean (SD) Minimum Maximum Median

Medial-lateral position 0.62 (0.05) 0.54 0.77 0.61
Distance A, mm 8.9 (0.4) 7.9 9.6 9.0
E1 angle, degrees 18 (14) 0 55 15
E22 angle, degrees 403 (32) 295 455 405
Active angle, degrees 388 (32) 265 430 395
Angle per millimeter, degrees 28.9 (2.3) 20.0 32.0 29.0

 Table 2.  Summary statistics of cochlear 
diameter and electrode contact positions 
(n = 44)
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tion depth of 295° where the AT was 20°/mm. We can 
only speculate that in this case the array was hung up on 
some feature or obstruction in ST.

  In addition to the calculations of MP, the CBCT recon-
structions of 9 of the subjects implanted in Melbourne 
were also used to calculate the WF using the methodol-
ogy of Holden et al. [2013]. WF and MP values were 
found to be highly correlated ( R  2  = 0.684). However, there 
was an average bias, with MP being on average 0.035 
greater than the WF of Holden et al. [2013]. Thus it could 
be concluded that MP values appear to provide a slightly 

conservative estimate of the medial-lateral position. The 
differences would lie in the estimation of the lateral wall 
length which in the case of the WF was derived from 
coregistration of an anatomical model with the CT image 
of the contralateral ear; the fitted template spiral used in 
the MP may have slightly underestimated the length due 
to the limited bone/scala contrast.

  The relationships between the final position of the 
depth markers on the electrode array and the achieved 
insertion depths for basal and apical electrodes and me-
dial-lateral position (MP) measures were also examined, 
and these are shown in  Figure 4 . Arrays were inserted to 
the first, second, and third markers in 12, 17, and 15 cas-
es, respectively.

  Fuller insertion, as indicated by the markers, was as-
sociated with a significant increase (Kruskal-Wallis 
ANOVA on ranks,  p  < 0.05) in the insertion depth of the 
most basal electrode (E1), as might be anticipated ( Fig. 4 a). 
However, insertion to the second or third marker did not 
result in a greater insertion depth of the most apical elec-
trode (E22) relative to that obtained from insertion to the 
first marker ( Fig. 4 b). The median MP was lowest (best) 
for insertions to the first marker but MP was somewhat 
insensitive to marker position ( Fig. 4 c).

  Subjective Assessment of Perimodiolar Placement 
 The array position was deemed good, moderate, and 

poor in 12, 18, and 14 cases, respectively.  Figure 3 a–c 
shows examples of arrays from each category. 

  The relationship between insertion marker position 
and subjective assessment of the perimodiolar position is 
shown in  Figure 3 . It is evident that insertion to the sec-
ond and third markers resulted in a systematic decrease 
in the proportion of good electrode positions and an in-
crease in the proportion of poor positions.

  Discussion 

 The primary endpoint measure of scalar location 
from FPV CT demonstrated complete ST localization in 
all cases. This suggests that cochlear implantation with 
the SME array results in a low level of intracochlear trau-
ma. Thus, one primary design goal of the SME was 
achieved. However, there were 2 cases in which the initial 
insertion of the array resulted in a tip fold-over. 

  The thinness and flexibility of the array may make it 
more prone to tip fold-over and to reduction of any force 
that can be applied to the array which could induce trau-
ma. Analysis of surgical videos identified that the mech-
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anism for the tip fold-overs was related to use errors as 
outlined in the Physician’s Guide for the device. In one 
case the surgeon actively deviated from the surgical guid-
ance for their first CI532 case, orienting the electrode 
such that it deployed posterior to the plane of the cochlea, 
which resulted in a fold-over identified postoperatively. 
That subject was subsequently reimplanted with a CI512 
device. All subsequent CI532 surgeries by this surgeon 
were performed successfully and without incident. The 
second case was a large RW opening resulting in the 
stopper entering the cochlea, which was not noticed by 
the surgeon. That subject was successfully reimplanted 
with a CI532 device, with the surgeon in this case keeping 
the stopper level with the RW opening as per the Physi-
cian’s Guide. Reports of fold-over in literature vary be-
tween 0.8–5.6% for all electrode types/manufacturers as 
follows: 0.8% [Dirr et al., 2013], 2% [Zuniga et al., 2017], 
and 5.6% [Grolman et al., 2009]. The large range in re-
porting is likely attributed to the design of the studies, 
which in many cases were retrospective case reviews 
[Dirr et al., 2013; Zuniga et al., 2017] and therefore only 
captured fold-overs left in situ, as opposed to prospective 
studies [Grolman et al., 2009] reporting fold-overs iden-
tified intraoperatively. The rate of 4.4% (2 out of 45) 
identified in the current study is representative of a pro-
spective approach rather than the retrospective case re-
views which typically report lower rates of fold. Con-
firmed use errors such as those seen here can be ad-
dressed via training and we expect that with experience 
fold-over rates will decrease over time. 

  In other surgeries it was noted that the sheath needed 
to be carefully held steady to avoid the sheath stopper 
entering the opening during advancement of the array 
through the sheath. Conversely in a number of cases 
overall access was more difficult. The bony overhang 
needed to be more fully removed to allow smooth intro-
duction of the sheath, and in some cases the sheath as-
sembly made full visualization of the cochlea opening 
difficult.

  The SME performed well on several measures of me-
dial-lateral placement, with mean MP of 0.62. The aver-
age angle travelled per millimeter of active array (AT) 
was 29°/mm which would indicate low electrode contact 
to modiolus distances. The mean MP was at the lower 
end of the range reported by Holden et al. [2013], and the 
AT was generally greater than those obtained for straight 
arrays [Esquia Medina et al., 2013].

  It appeared that advancing the array past the first 
marker position into the cochlea opening is undesirable 
since it does not result in greater total insertion depths 

and only serves to increase the insertion depth of the first 
electrode contact E1 and move basal electrodes away 
from the modiolus. Holden et al. [2013] also found that 
the insertion depth angle for the most basal electrode was 
negatively correlated with performance (range 2–231°) 
[Holden, pers. commun.]. This may have been due to in-
complete use of the basal part of the modiolus or to an 
increased electrode-to-modiolus distance for basal elec-
trodes as seen in the examples given here ( Fig. 3 c). Van 
der Beek et al. [2005] noted that deep insertion of the 
Clarion HiFocus 1 without a positioner tended to in-
crease the electrode-to-modiolar distance for basal con-
tacts and it increased the insertion depth angles. They 
speculated that, although the total insertion depth in 
these cases was similar to that achieved with the posi-
tioner, the increased insertion depth for the most basal 
electrode contacts may have led to poorer speech recog-
nition compared to that obtained with the positioner.

  The “bulging” effect of overinsertion of perimodiolar 
electrodes was previously noted by James et al. [2005] for 
the Contour Advance, and Escudé et al. [2006] con-
firmed that this effect could be measured in smaller co-
chleae. The average cochlea size measured by distance 
A was 9.23 mm in the study of Escudé et al. [2006] and 
8.85 mm in a study by Van der Marel et al. [2014], and 
these values were similar to the average of 8.90 mm found 
in the current study. The results of the present study 
suggest that in order to obtain consistent perimodiolar 
placement in the basal and in the apical regions the array 
does not need to be advanced past the first marker. Tem-
poral bone work suggests that the array will take up its 
natural position for larger cochleae by pulling itself in 
using the natural tension in the curve of the array.

  The CI532 has the first commercial sheath-based 
deployment system for a perimodiolar electrode. The 
sheath design allows for significant reduction of the elec-
trode diameter and facilitates a more controlled insertion 
technique such that the electrode can only advance 
through the sheath without contact with the lateral wall, 
reducing the potential for trauma. This unique design 
and insertion technique does, however, require training 
and experience developed over time using the device 
clinically. Even within this study we saw learning effects 
resulting in adjustment and improvement of the surgical 
approach over time to adapt to the unique design/tech-
nique.
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  Conclusions 

 The new electrode array incorporated into the Nucleus 
CI532 CI achieved the design goal of producing no trau-
ma, as indicated by 100% ST placement, whilst also 
achieving consistent and close modiolar proximity. As 
with any new medical device, surgeons should be care-
fully trained to use the new deployment method to avoid 
complications and achieve optimal placement. 
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